In modeling ultrasonic phased array inspection systems one needs to characterize the electrical and electromechanical components of the system and the radiation properties of the individual array elements since both of these properties are important in being able to model the overall response of the array to any flaws present. Models for determining each of these elements will be obtained and issues unique to phased array systems will be discussed. Published by the American Institute of Physics.
INTRODUCTION
To model an ultrasonic flaw measurement system that uses a single element transducer or transducers, one can use an ultrasonic measurement model of either the Auld type or the Thompson-Gray type [1] to describe the measured voltage received from a flaw. The inputs needed for these measurement models are: a system function that describes the electrical and electromechanical parts of the system, a beam model that describes the radiation characteristics of the transducer(s) involved, and a flaw scattering model that gives the scattered wave field that arise from interactions with whatever flaws are present [1] . These same inputs are needed to describe the measured voltage of an ultrasonic phased array system but there are the issues present in modeling phased array systems that are more complex than those found in single element transducer systems. We will describe here some of those issues and provide some explicit solutions.
ARRAY SYSTEM FUNCTIONS
In single element transducer systems, all the electrical and electromechanical parts of the measurement system (pulser/receiver, cabling, transducer electrical and electroacoustic properties of the transducer) can be lumped into a single frequency dependent system function, ( ) s f , that can be measured in a reference calibration setup [1] . Since an array is just a collection of small individual elements, system functions can be defined in the same FIGURE 1. Calibration setup to determine the system function associated with a pair of elements where a linear array is placed at normal incidence to a plane reflecting surface. The distance x x n s shown is the separation distance between the two elements being considered in terms of the pitch, x s , of the array.
fashion for each pair of sending and receiving elements present in a measurement. Even for linear arrays, however this leads to a large number of system functions, [2] found that all the system functions were very similar so that the elements of the array have essentially only one system function, i.e. ( ) ( ) mn s f s f ≅ . The system functions were obtained in [2] in a simple calibration setup where the array was placed parallel to a planar surface and the pitch-catch response of the waves reflected from that surface were obtained for each pair of elements (see Fig. 1 ). In this setup, the frequency spectrum, f , that models the generated and received acoustic waves, i.e.
( ) ( ) ( )
In [2] an explicit model for these transfer functions was obtained for a linear array of rectangular elements so that dividing the measured voltages by the know transfer functions (with a Wiener filter to desensitize this deconvolution process to noise) gave the system functions for such an array. To apply this same procedure to 2-D matrix arrays, therefore, one needs to have the corresponding acoustic/elastic transfer functions. Recently, we have obtained explicit expressions for these functions for a 2-D array of rectangular elements in the same calibration setup involving reflection from a plane surface (see Fig. 2 ). The details of the derivation of these transfer functions are lengthy so that they will not be given here but the end result is in a form similar to that found in [2] for a linear array, specifically: 
where F is a Fresnel integral, ( ) dependent attenuation, 12 R is the plane wave reflection coefficient for normal incidence to the planar surface, and k is the wave number. Equation (2) 
Radiation Characteristics of an Array Element
For NDE systems that use single element transducers, the transducer is usually modeled as a constant velocity (piston) source in an infinite plane rigid baffle [3] . Assuming the velocity is zero on the plane baffle is likely a good assumption since at the frequencies used in NDE tests large, single element transducers radiate a highly directional beam that travels normal to the face of the transducer so that inherently the fields are small on the plane of the baffle anyway. For the small elements used in phased arrays, the piston source behavior may also be assumed but the radiated wave field of an element extends over a wide range of angles so that the behavior of the fields at the plane of the element may need to be more carefully examined. Certainly, the material surrounding an element is not rigid so that a more appropriate model is to consider the element as embedded in a baffle with a finite specific acoustic impedance, b z [4] . It is well known that a rectangular element in a rigid baffle that radiates into a fluid (immersion case) has a far field directivity, 4 . Ratio of the finite impedance baffle directivity of an element in contact testing to that of an element in a rigid baffle. In the contact case this ratio is very close in behavior to the additional directivity factor present for a stress-free surface where the baffle impedance is zero.
where ( ) , θ φ are spherical coordinates, with θ the angle measured from the axis normal to the element face. If one replaces the rigid baffle by one with a finite impedance and uses an angular plane wave spectrum of the radiated field it is possible to evaluate that field explicitly in the far field. It is not difficult to show that the far field directivity of an element with a finite impedance baffle in an immersion setup is ( ) 8) implicitly, since they can affect the validity of the models used to predict the incident wave fields generated by the array.
SUMMARY AND CONCLUSIONS
We have derived the acoustic-elastic transfer functions needed for measuring the system functions of 2-D matrix arrays as well as linear arrays where the elements are rectangular and behave as piston sources. These system functions, as seen in the previous section, are essential elements needed to model the received voltage response of elements in an NDE flaw measurement. We have also discussed the effects of the impedance of the baffle surrounding a small element on the radiation characteristics of that element. It was found that the impedance effects can be important for arrays used in immersion testing, but only for arrays with elements whose dimensions are less than a wavelength. In contrast, impedance effects for arrays used in contact testing are typically negligible for both large and small elements.
